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Summary

In this report, we consider the problem that given the interior transition prob-
abilities of a two-dimensional random walk, and a specified measure m, how to
construct the transition probabilities on the horizontal axis, the vertical axis
and the origin such that m is the invariant measure of the random walk. More
precisely, the specified measure m is of the following form,

N
m(ni,na) =Y cxlppion® + pi™ o),
k=1

where pp,0r € C. Define I' = {(p1,01),...,(pn,0n)}. Moreover, let T' =
{(p1,61),...,(pn,on)} and I' = T UT. We say that m is induced by T.

First, we consider homogeneous transition probabilities on the boundaries. It
is shown that if m is the invariant measure of the random walk, every geometric
term should satisfy the interior balance equations individually. Moreover, I'
should be a pairwise-coupled set. On the other hand, the results of numerical
experiments suggest that homogeneous transition probabilities can not be found.

Next, we consider inhomogeneous boundary transition probabilities. We find
that under certain conditions, it is possible to construct inhomogeneous transi-
tion probabilities and a pattern can be found for the inhomogeneous boundary
transition probabilities.

The contribution of the report is that, firstly, we consider a specified mea-
sure induced by complex numbers and their conjugates. Secondly, we consider
constructing inhomogeneous transition probabilities on the boundaries.






Chapter 1

Introduction

In this section, we will give a brief introduction to the model and the problem
considered in the report. Literature review will be given in Chapter 2. The
detailed model description and problem statement will be given in Chapter 3.

1.1 General introduction

Random walks are a class of stochastic processes that have a wide range of appli-
cations in, for instance, telecommunication and logistics. In particular, random
walks in the positive orthant have been studied widely in applied probability
since they can be used to model a lot of queueing systems. Through analysis of
the random walk, one can study the performance of the real-life queueing sys-
tem. We are interested in the stationary performance of a random walk, which
will lead to the study of the invariant measure of the random walk.
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Figure 1.1: A two-dimensional random walk

In Figure 1.1, an illustration of a two-dimensional random walk is given.
We consider a random walk in the quarter-plane, i.e., a discrete-time Markov
process in state space S = {0, 1, ... }2. A state is represented by its coordinates,
i.e., n = (ni,n2) for n € S. The random walk can jump from state n to its
neighbors in the state space with certain probabilities and the random walk is
defined by these transition probabilities. For instance, if the current state of



the random walk is in the interior of the state space, then in the next time slot
the random walk may jump to one of the eight neighboring states or stays at
the same state. However, if the current state is on the horizontal or the vertical
axis, there are only five neighboring states, as is shown in Figure 1.1. With these
random transitions, the process will walk stochastically through the whole state
space.

Let m : S — [0,00) be the invariant measure of the random walk and
f:S — [0,00) be a performance measure, we are interested in the stationary
performance described as follows,

F= Z fn)m(n). (1.1)

nes

If the invariant measure is in closed form, F can be derived immediately. How-
ever, it is well acknowledged that finding the closed-form invariant measure of a
general random walk is difficult. Therefore, knowing the exact performance F
of a general random walk is an open problem. Instead of looking at the exact
performance, we consider bounding the exact performance of a general random
walk, i.e., finding F; and F, such that

In practice, a random walk is used to model a queueing system. If bounds on
the stationary performance of the random walk is known, performance of the
practical system is bounded. Those upper and lower bounds are often sufficient
for characterizing the performance of practical systems.

To find upper and lower bounds on F, we will analyze another random walk
for which we know the invariant measure in closed form. The random walk
is obtained by perturbing transition probabilities of the original random walk
on the horizontal and vertical boundaries. More precisely, let R be a general
random walk in the quarter plane, for which the closed-form invariant measure
is unknown. Moreover, let R be a random walk for which we know the invariant
measure m in closed form. Transition probabilities of R and R are the same in
the interior of the state space. On the other hand, transition probabilities of R
and R on the horizontal axis, vertical axis and the origin are distinct. Since we
know 7 in closed form, we can get F using formula described in Equation (1.1).
If the difference between the transition probabilities of R and R is not too large,
it is expected that R

|F—F| <e,

where ¢ is sufficiently small. Upper and lower bounds on F can be found then.

1.2 Problem description

In this report, we consider the problem of finding the perturbed random walk
for which the invariant measure is specified. Suppose that for the random walk
R, transition probabilities in the interior of the state space are given, and the
measure m : S — [0, 00) is specified in closed form, then transition probabilities
on the horizontal axis, vertical axis and the origin need to be constructed such
that m is the invariant measure of R. We also consider a rescaled random walk,

which means that if boundary transition probabilities for the given interior



transition probabilities can not be found, we will rescale the interior transition
probabilities and try to find boundary transition probabilities for the rescaled
probabilities. Rescaling is allowed since it doesn’t have influence on the invariant
measure of the random walk. If we know the construction method, for a general
random walk we can change its transition probabilities on the boundaries to
those found by the construction method and get the perturbed random walk ]:'i,
for which the closed-form invariant measure m is known. If for state (n1,n2),

m(ny,ng) = p™o"?,

we say that m is a geometric measure induced by (p,o). In this report, we
consider that m is a linear combination of a finite number of geometric measures
induced by pg,or € C, for £ = 1,...,N. To make sure that the measure
is real for every state, we will also add the geometric terms induced by the
complex conjugates of (pg, o). For any pg, ox € C, denote by py, 71 the complex
conjugates of pi and oj. Define

I'={(p1,01),-..,(pn,oN)}.

Moreover, assume that for any (pr,0k) € I', (pr, k) ¢ I'. Corresponding to T,
define

= {(/71751)5 R (ij707V)}
The measure we consider is of the form below

N
m(ny,ng) = ck(pyon? + pr"tor"?). (1.2)
k=1

Let T =TU I, then we say that the measure 7 is induced by I.

Cases where pr € R and o, € R were studied in previous works. In this
report, we will consider the case that pg,o0r € C for k = 1,...,N. If we find
the method to construct the random walk R for a specified measure m, then
through the extension to complex numbers and their conjugates, there are more
random walks for which we know the invariant measure in closed form. Thus we
have more options for the perturbed random walk R. The exact performance
of the perturbed random walk F' can provide upper and lower bounds on the
performance of the general random walk. Therefore, if we have more options
for perturbed random walk, the upper and lower bounds will be improved.

The problem statement will be formulated formally in Chapter 3. For a
measure m of the form in Equation (1.2), first we consider random walks with
homogeneous transition probabilities on the horizontal and the vertical axis.
However, numerical results indicate that homogeneous transition probabilities
can not be found hence it is not promising to consider homogeneous random
walks. Therefore, we consider inhomogeneous transition probabilities on the
horizontal and the vertical axis in Chapter 5. It turns out that under some
conditions, inhomogeneous transition probabilities can be achieved.

The remainder of the report is structured as follows. Related research and
previous works are described in Chapter 2. In Chapter 3, the two-dimensional
model we consider in this report will be given. The problem will also be stated
in details in that chapter. In Chapter 4, we consider how to construct ho-
mogeneous transition probabilities on the boundaries. We first give necessary



conditions on the structure of I" for m to be the invariant measure. Next, we try
to find transition probabilities on the horizontal and vertical axis for the speci-
fied measure m. Extensive numerical experiments and initial analytical results
indicate that no homogeneous transition probabilities can be found. Thus in
Chapter 5, inhomogeneous boundary transition probabilities are discussed and
we find that, under certain conditions, inhomogeneous transition probabilities
will be found. Examples of random walks with constructed boundary transi-
tion probabilities will be given in Chapter 6. In Chapter 7, we will discuss the
conclusions in this report and look into future works.



Chapter 2

Related work

Most research on random walks is focused on the invariant measure of a random
walk. However, it is well acknowledged that obtaining the closed-form invariant
measure of a general random walk is an open problem. Theories about random
walks in the quarter plane was described in [8], where general concepts were
introduced. Boundary value problems were formulated and analytic approaches
were used to get the generating function of the invariant measure |7, 8]. However,
the problem can be solved explicitly only in a few special cases. In general, it
is difficult to find the closed-form invariant measure of a random walk.

Adan, Wessels and Zijm developed a compensation approach for random
walks in two dimensional space in [1], where they discussed the conditions under
which the invariant measure is an infinite series of products of powers. Boxma
and van Houtum applied this approach into an asymmetric 2 x 2 switch system
with independent Bernoulli arrivals and found that the invariant measure is a
sum of countably many geometric terms [3].

The structure of the space of product-form models was explored in [2] for
continuous-time random walks. It was stated that for any product-form mea-
sure, transition rates of a random walk in the interior and on the boundaries can
be selected independently such that the specified measure is the invariant mea-
sure of the random walk. Therefore, if the interior transition rates of a general
random walk are given and a product-form measure m is specified, transition
rates on the horizontal and vertical boundaries can be constructed such that m
is the invariant of the random walk.

In this report, we specify that the invariant measure is a linear combination
of a finite number of geometric terms, which is described in Equation (?7?).
Moreover, the measure is induced by the set I', as defined in Chapter 1. Cases
where p,0 € R were studied in several papers. In [5] necessary conditions on
the structure of I' were given if the resulting measure is the invariant measure
of a random walk. It was stated that each geometric term has to individually
satisfy the balance equations in the interior of the state space. Moreover, the
geometric terms must have a pairwise-coupled structure. The definitions of
uncoupled partition and pairwise-coupled set are given below, following [5].

Definition 2.1 (Uncoupled partition). A partition {I'1,Ts,...} of T is hori-
zontally uncoupled if (p,0) € ', and (p,6) € T'y for p # q, implies that p # p,
vertically uncoupled if (p,0) € T, and (p,6) € 'y for p # q, implies that ¢ # o,



and uncoupled if it is both horizontally and vertically uncoupled.

Definition 2.2 (Pairwise-coupled set). A set I' C C is pairwise-coupled if and
only if the mazimal uncoupled partition of I' contains only one set.

In other words, a set I' = {(pl,ol),...7(pN,oN)} is pairwise-coupled if
and only if for any pair (p;,0;), we can find another pair (px, o)) such that
either p; = pi or 0; = 0. An example of pairwise-coupled set is illustrated in
Figure 2.1(a) while an example is shown in Figure 2.1(b) for a set which is not
pairwise-coupled.
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Figure 2.1: (a) A pairwise-coupled set. (b) A set that is not pairwise-coupled.

In Figure 2.1, the horizontal and the vertical axis represent p € R and 0 € R
respectively. For (p,o) on the red curve, balance equations in the interior of
the state space are satisfied. If m induced by I' is the invariant measure of
the random walk, each geometric term has to satisfy the balance equations in
the interior individually [5]. Thus we take three (p, o) from the red curve and
consider the measure induced by those pairs. In Figure 2.1(a), every (pg,o%)
has the same p; or o; as one of the other pairs. Thus the set is pairwise-
coupled. However, in Figure 2.1(b), there is an isolated term. Therefore, the
set is not pairwise-coupled. Example of homogeneous random walks of which the
invariant measures are sums of a finite number of geometric terms and method
to construct such random walks are given in [5]. An example taken from [5] is
given in Chapter 6.

Necessary conditions for the invariant measure of a random walk to be an
infinite sum of geometric terms were explored in [6]. It was found in accordance
with the result for a finite number of geometric terms that each geometric term
should satisfy the interior balance equation and a pairwise-coupled structure
must be satisfied. Furthermore, it was shown that the random walk cannot
have transitions to the north, northeast, or east.

Suppose that we have a specified measure m that is induced by a finite
number of pairwise-coupled geometric terms. The next question is how can we
find a random walk m such that m is the invariant measure of R. Analysis
was done for one geometric term p"'o™2 with p,0 € R in [4], where a naive
scheme was given to find the boundary transition probabilities such that the
geometric measure is the invariant measure of the random walk. It was stated



that a rescaled random walk can always be found for the geometric measure.
For measures that are linear combinations of geometric terms, the method was
described in [5]. The construction depends on the locations of the intersections
of the boundary and interior balance equations. It was concluded that choosing
proper boundary transition probabilities is essential for the existence of the
invariant measure.

After perturbing a general random walk, error bounds between the perturbed
and the original random walk are considered. A Markov reward approach de-
veloped by van Dijk in [11] is used to bound the error. This Markov reward
approach was applied to finite single-server tandem queues in [10] and reason-
able bounds were given there. Perturbation effects of a discrete-time Markov
reward process was studied in [12], where bounds were obtained for the absolute
errors of the reward functions. Linear programming was formulated in [9] to
provide the error bounds. In [9], the perturbed random walk has a product-form
invariant measure. Approximation of performance and error bounds were also
considered in [4], where the invariant measure of the perturbed random is a sum
of three geometric terms. It was shown that, if the invariant measure is a sum
of geometric terms, the resulting error bounds is better than the one obtained
from product-form measure.






Chapter 3

Model and problem
statement

In this chapter, the model considered in the report is described and the problem
is stated. In Section 3.1, we give a general model description, where basic
concepts and notations are introduced. Moreover, we consider the restrictive
case and the relaxed case. The model and balance equations for the two cases
are also given. In 3.2, a detailed problem statement is given. We also list the
main goals of the report in the section.

3.1 Model description

In this report, we consider discrete-time random walks in the positive orthant
of two-dimensional space, i.e., the state space is

S=1{0,1,...}%

A state is represented by a two-dimensional vector, i.e., n = (n1,ns).

In addition, we consider a partition of S into disjoint components. Let
So={(0,0)},51 ={1,2,...} x{0}, 52 = {0} x{1,2,...} and S3 = {1,2,... } x
{1,2,...}. We refer to these components as the origin, the horizontal axis, the
vertical axis and the interior of the state space, respectively. The state space
and all the components are shown in Figure 3.1.

For the random walks, we only allow short transitions between states. More
precisely, a transition from state n = (n1,n2) to n’ = (nf,n%) is possible only if

[In —n'l|leo < 1.

Let c(n) be the component of state n € S, i.e., n € S.(,). Denote by Dy, the
neighbors of a state in Si. More precisely, D3 = {—1,0,1} x {—1,0,1},D; =
{-1,0,1} x {0,1}, D3 = {0,1} x {—1,0,1} and Dy = {0,1} x {0,1}.

Let p%(n) be the probability of the random walk jumping from state n € Sy to
n+d, where d € Dy. In this report, we consider random walks with homogeneous
transition probabilities in the interior of the state space, which means that

pa(n) =pi(n’), Vn,n’ € Ss,d € Djs.



Figure 3.1: State space S and the components.

In the remainder, for simplicity of notation, we denote by py the homogeneous
transition probabilities in the interior of the state space, i.e., for n € Ss, d € Ds,
pa = pij(n).

We show all the neighbors in the components of the state space and the
transition probabilities of a homogeneous random walk R in Figure 3.2, except
the one that directs to the state itself.

J
p3,1(07n2) 1”%,1(07"2) p-1,1 P01 P1,1

N
pio(o,nz) P—1,0 P1,0

W
P5,—1(0,n2) pi _1(0,n2) p-1,-1 Po—1 P11

PO P4 P11 (n1,0)pg 1 (n1,0) p} ; (n1,0)
A

<

p? 0 p1_170(n1’0) piﬁo(nlao) {

)

N

Figure 3.2: Transition diagram of random walk R

If for any ny,n} > 0,
p<1i(n17 0) = p}l<n/17 0)7

for d € D;, we say that the transition probabilities on the horizontal axis are
homogeneous and denote by pcll the transition probabilities on horizontal axis.
Similarly, if for any ng, n} > 0,

pa(0,n2) = pg(0,n2),

for d € Dy, we say that the transition probabilities on the vertical axis are
homogeneous and denote by pfl those transition probabilities. It was assumed

10



that pl(n1,0) = ps,1, p1,(0,n2) = p1 for any ny,ny > 0 in [5]. In this report,
we consider both the case where pl,(n1,0) = ps1, pi,(0,n2) = p1, for any
ny,ne > 0 and the other case where these equations do not hold. The models
for the two cases will be given in detail in Subsection 3.1.1 and Subsection 3.1.2.

3.1.1 The restrictive case

In this case, we assume that for any ny,ny > 0,
p;,l(nla 0) = ps,17vs = _1a 0) 1

and
p24(0,n2) = p14,Vt = —1,0,1.

Consider a measure m : S — [0,00) of the random walk, then m is the
invariant measure if and only if it satisfies all the balance equations, i.e., for all
ny > 0 and ny > 0,

1 1
m(ni,ng) = Y m(ng —$,ny —t)pes, (3.1)
s 1t=-1

1

m(ny,0) = Zm(nl—s 1ps,1—|—z nl—s()pso(nl—s 0)3.2)

s=—1 s=—1
1
m(0,ne) = Zm(l ng — t)p— 1t+z OnQ—tpOt(Ong—t)(B.S)
t=—1 t=—1
m(0,0) = m(1,1)p_1,—1 +m(1,0)p", 4(1,0) +
m(ov l)pg,—l(oa 1) + m(07 O)pg,O' (34)

We will refer to Equations (3.1)-(3.4) as the balance equations in the interior,
the horizontal axis, the vertical axis and the balance equation in the origin,
respectively. The balance equation in the origin is implied by the balance equa-
tions for the other states. If the balance equations hold for the other states, then
for sure it is satisfied in the origin. Thus in the following part of the report, if
Equation (3.1) to (3.3) are all satisfied, we say the m is the invariant measure
of the random walk.

3.1.2 The relaxed case

In this case, the balance equations are different from those of the restrictive
case. m is the invariant measure of the random walk if and only if for all
ny > 1, ng > 1,

11



11
m(ni, n2) = Z Z m(ni — s,n2 — t)ps.t,

s=—1t=-—1
1
m(ni,0) = mefslps_lJrZ nlfs()pgo(nl—so)
s=—1 s=—1
10
m(ny,1) = Z Zm(nl—s,l pst—i-z (n1 — s,0)ps 1 (n1 — s,0),
s=—1t=—1 s=—1
m(0,ngy) = Z m(1,ng —t)p_ 1t+z Ong—tpOt(Ong—t)
t=—1 t=—1
0o 1
m(l,ng) = Z Z m(l —s,ng — t)ps,; + Z (0,m9 — p1 +(0,m2 — t).
s=—1t=—1 t=—1

If the transition probabilities on the horizontal and vertical axis are found, then
for state (1,0), (1,1) and (0, 1), transition probabilities can be found using simi-
lar approaches. The balance equation at state (0,0) is implied by balance equa-
tions of the other states. Therefore, the equations for state (1,1),(1,0),(0,1)
and (0,0) are omitted here since they are of minor importance to the analysis.

In this section, we have introduced basic concepts and notations used in the
report. Furthermore, we have given models for two cases that will be considered
in the report. In the next section, we will state the problem in detail.

3.2 Problem statement

In this report, we will consider how to find the random walk R, of which the
invariant measure m is specified. As introduced in Chapter 1, we are interested
in a measure that is a linear combination of a finite number of geometric terms
induced by pg, o € C. Here we give the definition of the measure m.

Definition 3.1. A measure m is called induced by r if
N
m(ny,ng) = cx(ppiop® + pp™ or"™), (3.5)
k=1
where I’ = {(pl, 1), (pN, UN)} with py, 0, € C, andT = {(p], G1)yeens (pjv,ajv)}.
Moreover, we consider non-negative, finite measures in this report, thus we

have the following assumption.

Assumption 3.2. Assume that the invariant measure of the random walk is
finite, i.e.,

Z m(ny,ng) < 0. (3.6)

nes

Moreover, assume that for any state (nq,ns),

m(ny,ng) > 0.

12



Define
U= {z € (C‘\z| < 1}.

Therefore, the measure is finite if and only if

(pr,or) € U2,

forallk=1,...,N.

In the remainder of the report, when we consider pg,o0r € C, we always
assume that (pg,01) € U?. Suppose that the measure m is specified and it is
induced by I, we need to find the random walk R of which the invariant measure
is m. We assume that transition probabilities in the interior of the state space
are already given. Therefore, we only need to find the transition probabilities
on the horizontal axis, the vertical axis and the origin. The goals of the report
are described below.

1. For the given interior transition probabilities and a specified measure m,
find the conditions on the structure of m under which the random walk
can be constructed.

2. If the random walk can be constructed, explore the construction method,
i.e., find the following probabilities

(n),n S Sl,d € Dy,
(n),n € Sa,d € Dy,
pgan € SO7d € DOa

Py
3

such that m is the invariant measure of the constructed random walk.

The goals will be discussed in Chapter 4 for homogeneous random walks,
where the structure of I' will be given. On the other hand, it is indicated by
numerical results that homogeneous transition probabilities on the boundaries
can not be found for measures induced by complex numbers and their complex
conjugates. Thus we turn to construct inhomogeneous transition probabilities,
which will be considered in Chapter 5. The first and second goals are both
discussed there. Furthermore, we show the way to find the boundary transition
probabilities in Chapter 5. In Chapter 6, several examples are given to illustrate
the construction method described in Chapter 5.

We also allow rescaling of the random walk, since rescaling does not have
influence on the invariant measure of the random walk. When we construct
the boundaries transition probabilities, we try to find probabilities which are
between 0 and 1. However, if this is not possible but we can find values that
are larger than 1, we can always rescale the interior transition probabilities and
get boundary transition probabilities of the rescaled random walk. Thus, in the
remainder of the report, when we try to find the boundary transition probabili-
ties, we do not discuss whether these transition probabilities are between 0 and
1 or not.

In the next chapter, we consider homogeneous transition probabilities on the
horizontal and the vertical axis. First we will find necessary conditions for the
specified measure m to be the invariant measure of a random walk. Therefore,
the structure of I' will be discussed.

13
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Chapter 4

Homogeneous transition
probabilities on the
boundaries

In this chapter, we consider homogeneous random walks and try to find tran-
sition probabilities on the horizontal axis, vertical axis and the origin. More
precisely, assume that for any ny > 0,

pgl(nlao) :p¢117d € Dy,

and for any no > 0,
pa(0,n2) = p3,d € Ds.

Suppose that the measure m is induced by the set I'=TuU T, where I =
{(p1701)7 crey (pNa UN)} with Pk, Ok € Cand I' = {(51751)7 CER (pj\’a O'?\/‘)} In
the next section, we will give a necessary condition on the structure of I' for m
to be the invariant measure of a homogeneous random walk.

4.1 Structure of the set I

LetI' = {(pl, 1)y (pN, UN)}, we consider a measure induced by I' = T UT,
as defined by Definition 3.1.

In [5] it was shown that if pg, o0, € R and m(ng, ng) is the invariant mea-
sure of the random walk, then (p1,01),...,(pn,on) should satisfy the interior
balance equation individually and follow a pairwise-coupled structure. Here we
show that the same conclusions apply when we consider pg, ox € C.

First, we claim that if the measure m is induced by a single pair (p,o) and
its complex conjugate, then p € R, o € R.

Theorem 4.1. Suppose that the measure m is induced by I =Tur. If || =1,
then p e R, o € R.

Proof. Let T’ = {(,07 U)}. Assume that at least one of p and o is not real.
Without loss of generality, assume that o ¢ R. Consider states (0,n2) for all

15



ng > 0, then

0 no -0 = na

mOnz) = (oo™ + Pom)
= 2c-Re(c™).

Let 0 = €2 and assume that o ¢ R, then 0 < ro < 1 and 6, € (0,27). Since
m is a measure, then

m(0,ng2) = 2r3? cos(nzf2) > 0.

Therefore, we get
cos(nqbz) > 0, (4.1)

for any no = 1,2,.... On the other hand, cos(n262) is a periodic function in ng
and the value fluctuates between —1 and 1. Thus, as ny goes to infinity, there
exists an integer ng such that cos(ngfz) < 0. m can not be non-negative for all
states hence it is not a measure. Thus p € R, 0 € R.

O

From the theorem above, we see that the measure m can not be induced
by a single pair (p,o) and its complex conjugate if p ¢ R or o ¢ R. In the
next theorem, we show that if m is a linear combination of a finite number of
geometric terms, then each geometric term has to satisfy the balance equations
in the interior of the state space individually.

To identify the geometric terms that satisfy the balance equations in the
interior of the state space, we introduce the polynomial

P(z,y) = 2y(1 — Z Z 7Y ps ). (4.2)

s=—1t=-1

It is easy to verify that if P(p,c) = 0, then the balance equations in the interior
of the state space hold for the geometric measure p™ o™?. We define

I= {(p,a) € U2‘P(p, o) = 0}. (4.3)

For any geometric measure induced by (p,o) € I, balance equations in the
interior of the state space hold. In [5], it was proved that if pg,or € R for
k=1,...,N, then there exists integers wy, ws such that p*1a®2? # p{o}”? for
any (p,0) € I'\(p1,01). When we consider py, oy, € C, since we can rotate pg, oy,
by an angle and get a different complex number, the statement in [5] does not
always hold. Therefore, we first have the following assumption.

Assumption 4.2. For any (pg,0r) € T with k =1,..., N, there exist integers
wh, wh € Ny such that

k k
pz’l 0:2 7& pw’fo_w’g’
for any (p,o) € T UT\{(px, 0%)}-

Next, we are going to give a theorem which demonstrates that every geo-
metric measure in Equation (3.5) should satisfy the balance equations in the
interior of the state space.
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Theorem 4.3. The measure m is the invariant measure of a random walk if
and only if every geometric term satisfies the balance equations in the interior
of the state space individually, i.e., for any k=1,... N,

(pk,Uk) el, (ﬁk,ofk) el. (4.4)

Proof. (<) It is trivial that if every geometric term satisfies balance equations
in the interior of the state space, then m also satisfies the balance equations,
since m is a sum over a finite number of geometric terms.
(=) Let
N
m(ni,ng) = Z ce(ppton® + prp"tor"?)

k=1
be the invariant measure of a random walk, then from Equation (3.1), we get
that

1 1 N
(P o + A o) = 3 LD elpit o+ A T b

Mz

k=1 s=—1t=—1k=1
1 1
& chZla? DI A L
s=—1t=-—1
1 1
chp_knla_kn2(]. — Z Z p_kisorkitps’t) =0. (45)
k=1 s=—1t=—1

Without loss of generality, we only prove that (p1,01) € I. From Assump-
1
tion 4.2, there exists positive integer wi,wl such that p;‘) 0‘1 ;é p“’l o2 for
any (p,0) € TUT\{(p1,01)}. We also assume that p;“-u o # Py akz for any
(pj 5)s (Pr,so) € TU f‘ with j ;é k. Otherwise, we partltlon the set I" in the
1

following way. If p;“.ul 0= =pp ak2 for some j # 1,k # 1, then we put (p;,0;)
and (pg, 0x) in the same element of the partition. Thus (pl, o01) is the only pair
in its element.

Consider the balance equations for states (dwi, dwi), with d =1,2,...,2N,
then we have

1 1

N

S (1= 30 S prtortpes)] +
k=1 s=—1t=-—1
N
>

1 1
1 1
[0k % 2] e (1 — E E P01 'ps )] = 0.
k=1 s=—1t=—1

It is a system of linear equations in variables ¢ (1 — 2;71 22:71 07 07 " Pst)s
and ¢ (1 — Zi:_l Zi:_l Pr 50, 'ps.t). The coefficients matrix is

wy W, w ) _ _ — wl = 1
01 10.1 2 le U;lvz plwl 01w2 prlan2
1 1 1 12
Wy Wa\2 wy Wy —wl — wlii2 — wl — wly2
A= (p'o?) PN ON (m"101"2) (pn*ron™)* |
1 1 1 1
wy _Wa\2N Wy __Wr\2N ~w! — wlyaN — ! 1\aN
(prlo?)*Y o (pN' o) (pra2)®N L (pntiontz)



1 1 1 1
which has a Vandermonde structure. Since p;”-vla;u2 # ppt O';:Q for any j # k, we
have that det(A) # 0. Therefore, for any (px, o) € T, (pr, %) € T,

1 1
L= > mloi'par = 0,

s=—1t=-—1
11
Y Y e = 0
s=—1t=—1
We conclude that (pg,o%) € I, (pk,0%) €I, for k=1,... N. O

_ Elements in I are the complex conjugates of I'. If I' C I, then T C I. Thus
I' C I'if and only if I' C I. The next theorem claims that the representation of
T" is unique.

Theorem 4.4. Let m be the invariant measure of a random walk, which is
nduced by T' =T UT C I. If m is also induced by T, then T' =T".

Proof. Since m is induced by both I' and I", then for all ny > 0, ny > 0,

Yo alito M) — Y alpy o + p" ™)

(pr,or)€ET (pr,oK)EL’
/ n n / — _
= E (ck — c)pytop® + E (e =)o o +
(pr,oK)ECNLY (Pk,0%) ETNLY
E ckpyton’ + g crpr o™ —
(pr,ok)ET\I (pr,ok)ET\T
/ n n /I —n - n
E kP Tk — E , Crpr Ok
(k0% ) ETVAT (Pr,ok) ETVAT
= 0.

Similar to the proof of Theorem 4.3, we can find (wy,ws) such that p;'c,’ are

distinct. Consider states (wy,ws), ..., ([T UL |wy, [P UL |ws), then we get a sys-
tem of linear equations. The coefficients matrix has a Vandermonde structure.
Therefore, we have ¢, — ¢}, = 0, if (pg,01) € TNV, ¢, = 0 if (pg,0%) € T\,
and ¢}, = 0 if (pg, o) € I"\I'. As a consequence, I' =T".

O

Consider a measure m induced by I =TUT c I. Next we will prove that T’
should follow a pairwise-coupled structure. The definition of pairwise-coupled
structure was already introduced in Chapter 2, where examples were given to
illustrate the definition of the structure. If T' is a pairwise-coupled set, so is T.
However, the set I' UT may not be pairwise-coupled.

Maximal horizontally uncoupled sets are obtained by putting (p,0) € T’
with the same p in the same element of the partition. Maximal vertically un-
coupled sets are obtained by putting (p,0) € T’ with the same o in the same
element. Moreover, maximal uncoupled sets are obtained by putting (p,o) € T’
with the same p or the same o in the same element of the partition. Let

{I"f,F’QZ7 . 71"521} be the maximal horizontally uncoupled partition of I' and
{].'"1’, ry, ..., 1"’(,} be the maximal vertically uncoupled partition of I'. Conse-
quently, {1:‘?, rh..., f"}l} is the maximal horizontally uncoupled partition of T
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and {f"l’, ry, ..., f"(,} is the maximal vertically uncoupled partition of I'. El-
ements of I‘g,p = 1,..., H have the same horizontal coordinate p(l"g) and el-
ements of I'y,¢ = 1,...,V have the same o(I'y). Moreover, for p = 1,..., H,
p(I‘Z) = p(f";) if and only if p € R. To illustrate the balance equations on the
horizontal and vertical axis. We define

Bh(Fh) = Z(Pk ox)€ErL Ck[ Zs——l( Jkps -1+ P/?Spi,o)] ’ p(I‘Z) ¢ R
? Z(Pk or)€Th Ck [1 Z 1(2pk ° Re(ak)ps,—l + P;Zspi,o)]v P(FZ) eER
Bv(rv) _ Z(Pk,ak ery Ck [1 -1 Pka'k p 1t +op po t)] , O'(FZ) ¢ R
> (pusonyery Cr[1 = Ztil 2Re(pr)oy, 'p-1s +or'P5,)], o(ly) eR

Moreover, define B"(T') and B¥(I'?) in the similar way and we can see that
Bh(f‘g) = BMI'h), BY(I'Y) = BU(I'y). The following lemma gives sufficient and
necessary conditions for the measure m induced by I' = ' UT' C I to be the
invariant measure of the random walk.

Lemma 4.5. Consider a measure m induced by I =TruTl c I, where I' =
{(p1,01),... . (pn,on)} and T = {(p1,01),. .., (pn,on)} with pi,o € C. Then
m is the invariant measure of a random walk if and only if for anyp=1,..., H
andq=1,...,V,

Proof. (<) It is easy to verify that if the conditions above are satisfied, then
balance equations on the horizontal and vertical axis are satisfied. According
to Theorem 4.3, m also satisfies the balance equations in the interior since m is
induced by I' C I and T' C I. Therefore, all balance equations are satisfied and
m is the invariant measure of the random walk.

(=) Suppose that m is the invariant measure of the random walk, then m
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satisfies the balance equations on the horizontal axis, i.e., for any n; = 1,2,...,

1
m(nl,O) = Z m(nl - S, 1)ps,—1 —I—m(m - 570)p;,0a
s=—1

1
S chm [1= D (i owps,—1 + 0 *pig)] +

s=—1
1
chpk (1= (o 0kps,—1 + i *Pho)] =0,
s=—1
H 1
S Y@ > w[l= D (ptokps -1+ 0y Pho)] +
p=1 (pr,ok)€ETH s=—1
H 1
Z[P(FZ)]’“ Z k[l — Z (P~ Okps,—1 + P "Pao)]
p=1 (pr,0K)€ETH s=—1
=0.
H H
& Y [p@n] B T+ [pTh)] " B (TE) =0
p=1 p=1
& > [y B Ty + [p(T)] ™ B"(T}) +
p(TR)ER p(Th)¢R
> [p@H]™ B TE) = 0. (4.6)
p(TE)ER

Notice that p(f‘]’;),p =1,..., H are all distinct due to the definition of max-
imal horizontally partition. Moreover, if p(FZ) ¢ R, p(F’;) # p(T'k). Thus
Equation (4.6) is a system of linear equations in variables B"(T') and B"(T'}),
for p=1,..., H. The coefficients follow a Vandermonde structure. Therefore,
forp=1,...,H,

h(phy _ h(fhy _
BT =0, B"(T") =0,

Using the same argument, we can also get that for g =1,...,V,
B*(T'y) = O,B“(fg) =0.

This concludes the proof of this lemma.
O

With Lemma 4.5, we are ready to prove that if m induced by I and T is the
invariant measure of the random walk, then I'" has to follow a pairwise-coupled
structure.

Theorem 4.6. Let m be a measure induced by I =TruTl c I. If m s the
invariant measure of a random walk, then T' has a pairwise-coupled structure.

Proof. Let {TP}L | and {I'?}/_, be the maximal horizontally and vertically par-
tition of I" respectively. As a consequence, {Fh}p y and {T4}V_, are the maxi-
mal horizontally and vertically partition of I". In addition, denote by {T,}M
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and {T',}M_, the maximal uncoupled partition of I' and I respectively. For any
u=1,...,M, we can find I, C {1,...,H} and J, C {1,...,V}, such that

r-Ur-yr

pEly q€Jy
= =ho_ =
r.-Ur-yr

pEly q€Jy

Consider the measure m, we have

N
m(ni,ng) = Y cr(ppiof® + o or™)

=
Il
—

Il
B

[ Y cpo)p™o™+ D clpo)p™am].

1 (p,o)els, (p,0)€ly

u

Define that
mu(nlvnQ) = Z C(pvg)(pnlanz + ﬁnl&nz)a
(pvo-)EFu

then m(ni,ng) = 23[:1 My (n1,n2). We will show that for any w = 1,..., M,
m,, also satisfies all the balance equations. For state (ng,0),

1
mau(n1,0) = (D mu(n — s, 1)ps 1 +mu(n1 — 5,0)pl )]

s=—1
1
= Z c(p, a){p”1 1-— Z (p™ops,—1 + P_sp;,o)]} +
(p,0)€ly s=—1
1
Yo clp )P =D (P aps 1+ P D))
(p,O’)EFu s=-1
1
= D oaI™ D [ (T ops i+ o ) — U+
pEl, (p,a)el—‘g s=—1
1
YoM DY 1Y (0 tops i+ 0 plo) — 1]
pElL (p,o)ery s=-1
= 2 AmmBTE > [e) BN + (T BE)
p€Ly,p(Th)ER pElu,p(Tp)¢ER
= 0.

The last equality follows from Lemma 4.5. Using similar approaches, we
can also find that m,(n1, ne) satisfies the balance equations on the vertical axis
foru=1,...,M. Thus my,u = 1,..., M are the invariant measures of the
random walk. If M > 1, then each m,, is the invariant measure of the random
walk. It contradicts with Theorem 4.4, which states that the representation of
the invariant measure is unique. Therefore, M = 1 and the set I' is pairwise-

coupled.
O
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In this section, we have looked at the structure of the set I' which can be used
to induce the invariant measure. We draw the conclusion that each geometric
term in m must satisfy the balance equations in the interior of the state space
individually. In addition, the set I' has to follow a pairwise-coupled structure.
In the next section, given the interior transition probabilities of a random walk,
we take a measure m which is induced by [ =TUT eI where T'is a pairwise-
coupled set. We will explore how to find the transition probabilities on the
horizontal, the vertical axis and the origin such that m is the invariant measure
of the random walk.

4.2 The restrictive case

In this section, we consider the method to find transition probabilities on the
horizontal and vertical axis. Moreover, we consider the restrictive case, i.e.,

p;,l = ps,laVS = _1707 1

and
Pl =pi V= —1,0,1.

In Theorem 4.1, we have shown that p”*¢™ + p"1¢"™* can not be a measure
if p¢ Ror o ¢R, since for some states it is negative. However, we didn’t con-
sider boundary balance equations for this signed measure. In Subsection 4.2.1,
we look at the signed measure p™ o™ + p"1g"2, and we get the conclusion
that we can not find both horizontal and vertical transition probabilities. In
Subsection 4.2.2, we consider the measure induced by a pairwise-coupled set
and its complex conjugate set, and try to use the structure to find transition
probabilities on the boundaries.

Suppose that the interior transition probabilities of the random walk, p;+
are given. Let I' = {(p1,01),...,(pn,pNn)} C I be a pairwise-coupled set and
m be the measure induced by I =Tur.

4.2.1 Boundary transition probabilities for a signed mea-
sure

In this subsection, we consider the signed measure p"*c™ 4 p™15"2, and we try
to find transition probabilities on the horizontal and vertical axis. Moreover, if
p,o € R, the conclusions were given in [5] and we assume that at least one of
p, 0 is not real. Hence we consider two cases. The first case is p € R,0 ¢ R or
p ¢ R, o € R. The second case is p ¢ R and o ¢ R.

Casel. peRoc¢Ror p¢RoeR
First consider that if p € R,0 ¢ R, then

m(ni,n2) = c(p" o™ + p"5"?).
From Lemma 4.5, if m is the invariant measure of the random walk, then

Bh(p) =0, i.ec.,

1 1
1= Z 2p~° Re(0)ps,—1 + Z P pi o (4.7

s=—1 s=—1
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Inserting Zi:qpsi + Zi:_lp;O =1 into Equation (4.7), we get

(L= p)plyo+ (1 =1/p)pig = Z 207" Re(0)ps, -1 — Z pea- (48)

s=—1 s=—1

There are two variables, pl_l,o,pi07 in Equation (4.8). If we use pl_l’o as one
coordinate on the two-dimensional plane and pio as the other coordinate, then
all the solutions to Equation (4.8) lie on a straight line in the plane. Since
0 < p < 1, the slope of the straight line is positive. Thus, non-negative solutions
to Equation (4.8) can be found. Therefore, transition probabilities of a rescaled
random walks can always be constructed.

On the vertical axis, since o ¢ R, then B¥(¢) =0, i.e.,

1 1
1= po™'pyy— > o™ pg, =0.

t=—1 t=—1

Plugging in Ztlz_l p1,t + Ztl:_l p%ﬁt =1, we have

1 1
(L=o)pg 1+ (L= 1/o)pg 1= > po'pori— Y pru (4.9)

t=—1 t=—1

We need to find the variables p3 ,,t = —1,0, 1 such that Equation (4.9) holds.
Notice that in Equation (4.9), the coefficients can be complex and the variables
P3._1,p51 are real numbers. Let z, = [p§ _;,p5,]", then Equation (4.9) is
equivalent to the linear system A,z, = b,, where

Re(l1—0) Re(l—1/0)
Ao = [mla) Im(ll/a)}

(
b — Re(Zi:_l po 14— Ztl:_l Pi,t)
v ( .

m(Y e o o — Yy D1t

If 0 <z, <1, then we can find the transition probabilities on the vertical axis
for a rescaled random walk. Here the inequality works element-wise.

However, we have done a lot of numerical experiments on a wide range of
different interior transition probabilities, and the numerical results suggest that
the solutions to the system is negative.

If p ¢ R,0 € R, similar approaches can be used for the analysis on the
vertical axis. Through numerical experiments, we also see that when we consider
balance equations on the horizontal axis, the solutions are negative. Thus we
can find transition probabilities on the vertical axis but not on the horizontal
axis.

Case 2. p¢Rand 0 ¢ R
If p¢ R and o ¢ R, then

m(ny,ng) = c(p™ o™ + ptia™?).

From Lemma 4.5, if m is the invariant measure of the random walk, then for
any p=1,...,Hand ¢g=1,...,V,

BMI!) =0,B"(TY) =0
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Similar to the analysis in Case 1, we have the two linear systems for the signed
measure,

Apzn, = by,
Ayx, by

We have done many numerical experiments on various interior transition prob-
abilities. The numerical results indicate that, for a signed measure p"'c™? +
p™a™2 only one of zj, and z, is non-negative. If z;, > 0, then x,, < 0. If z,, > 0,
then x;, < 0. Thus, we have the following conjecture.

Conjecture 4.7. For a signed measure p™ o™ + p™ac™ with p,o € C, the
balance equations on the horizontal axis and the vertical axis lead to two linear
systems, Apxp = by and Ayxy, = by,. Exactly one of the following two statements
18 true.

1. thO.

2. x, > 0.

From Conjecture 4.7, we see that we can find transition probabilities either
on the horizontal axis or on the vertical axis.

In this subsection, we see that if p,o € C, for a signed measure p"'c™? +
p"a™2 ) either horizontal transition probabilities or vertical transition probabil-
ities can be found. In the next subsection, we will use the property of pairwise-
coupled structure and try to find boundary transition probabilities for a measure
m induced by a pairwise-coupled set I" and its complex conjugate set I

4.2.2 Boundary transition probabilities for m induced by
r=rur

Let I' = {(p1,01),-..,(pn,0n)|pk; ok € C} be a pairwise-coupled set and m be
the measure induced by I' = T UT. From Subsection 4.2.1, we know for a single
signed measure p;'o.? + pi,"' 03", either horizontal transition probabilities or
vertical transition probabilities can be found. If we consider a pairwise-coupled
set, we can use the structure of the set.

Suppose transition probabilities on the horizontal axis are found for the
signed measure pytoy? + p1" 61" and transition probabilities on the vertical
axis are found for the signed measure pi} o3? + pn™ on"?, if we can find proper
coefficients ¢ such that conditions in Lemma 4.5 hold, then m is the invariant
measure of the random walk.

First we give the following conjecture, which states that for two signed mea-
sures, pylo?+p1™ 01" and pytog? +pa™ 02, if (p1,01) and (p2, 02) belong to
the same element of the maximal horizontally or vertically uncoupled partition
of ', then horizontal transition probabilities can be found for one of the signed
measure and vertical transition probabilities can be found for the other.

Conjecture 4.8. Suppose that the signed measures py'oy? + p1™61™ and
Pyt oy + pa™ ™ both satisfy the balance equations in the interior of the state
space. If p1 = pa or o1 = g9, then exactly one of the following statements hold:
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1. Transition probabilities on the horizontal axis can be found for pi*oi? +
1" a1, and transition probabilities on the vertical axis can be found for
pytoy® + pa"ror".

2. Transition probabilities on the vertical axis can be found for pi*c}? +
1" 1™, and transition probabilities on the horizontal axis can be found
for pytoy® + p"or.

Following from Conjecture 4.7 and 4.8, we have the lemma below.

Lemma 4.9. LetT = {(01,01), oy (pNnyoN) K, ok € (C} be a pairwise-coupled
subset of I and m be the measure induced by I'. Moreover, transition probabilities
on the horizontal axis are found for the signed measure p*oy? + ;1™ 61™ and
transition probabilities on the vertical azis are found for pit oz + pn™ on"™.
If Conjecture 4.7 and 4.8 hold and m is the invariant measure of the random
walk, then |T| is even.

Proof. Since transition probabilities are found for the signed measure p7''cy? +

p1" 1™, then from Conjecture 4.7 and 4.8, only vertical transition probabili-
ties are found for pg'oy? + p2"'d2™2. Keep using Conjecture 4.7, 4.8 and the
pairwise-coupled structure, we get that only vertical transition probabilities are
found for p;* o 4+ pi" 01" if k is even and only horizontal transition probabil-
ities are found for p;'o,* + pp" 0™ if k is odd. Since transition probabilities
on the vertical axis are found for pio3? + pn™ on"™?, then N is even. Thus |T|

is even. O

Next, we give the main result of this subsection. In the next theorem, we
state that even if the pairwise-coupled structure is used, we can not find the
boundary transition probabilities such that m is the invariant measure of the
random walk.

Theorem 4.10. LetT' = {(pl, 1)y (pN,aN)} with p,or € C and m be the

measure induced by I'. Moreover, transition probabilities on the horizontal axis

are found for the signed measure p7*oy? + p1™ 1" and transition probabilities

on the vertical azis are found for pito? + pn™on™. If Conjecture 4.7 and
4.8 hold, then no boundary transition probabilities can be found such that m is

the invariant measure of the random walk.

Proof. Since I' is a pairwise-coupled set, then either p; = py or 07 = 02. Thus
we consider two cases in the following proof.

Case 1. p; = po

If p1 = po, then (p1,01) and (p2, 02) are in the same element of the maximal
horizontally uncoupled set. Without loss of generality, assume that p; = p2 ¢ R.
Let (p1,01), (pa, 02) € T%, then according to Lemma 4.5,

1
BMIY) = e[l= ) (pr o1ps—1 +p1°pho)] +
s=—1

1
c2[1= Y (p3°0aps -1+ p3°pi )]

s=—1

= 0.
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Since pl, o, pi are found for the signed measure pi*o}? + p1"1 61", then

1
1= > (pr°o1ps, -1+ pi°phy) = 0.
s=—1

Thus we have )

1= Y (p3°02ps—1 + p3 °Pho) =0,
s=—1

which means that py*o5? + pa™ d2™2 also satisfies the balance equations on the

horizontal axis. This contradicts with Conjecture 4.7 and 4.8, which says that

no horizontal transition probabilities can be found for p5*o5?.

Case 2. 01 = 09

If 01 = 09 and transition probabilities on the horizontal axis are found for
p1tor?, then by the pairwise-coupled structure of I', py = p3,03 = 04, etc.
According to Lemma 4.9, N is even. Thus on_1 = oy, i.e., (pny—1,0n8-1) and
(pn,on) are in the same element of the maximal vertically uncoupled partition.
Suppose that (pn—_1,0n-1), (pn,0n) € T}, then by Lemma 4.5, we have

1
B’U(FI‘)/) = CN-1 [1 — Z (pN_lo-]T[t_lp—l,t + O'Nt_lpg,t):l +
t=—1
1
en[l- Z (pNoN'D-1t+ o5'DE )]
t=—1

= 0.

Using the arguments in the proof of Case 1, we can get

1

1= (pn-1oytipore+ oy’ pg,) =0,
t=—1

which contradicts with Conjecture 4.7 and 4.8. Therefore, no boundary tran-
sition probabilities can be found such that m is the invariant measure of the
random walk.

O

In this section, we have shown how to construct the transition probabilities
on the horizontal and vertical axis for a specified measure m to be the invariant
measure of the random walk. However, we also see that although horizontal
or vertical transition probabilities can be constructed for a single geometric
measure, but there is a contradiction with the structure of I'. Therefore, homo-
geneous transition probabilities can not be found for a specified measure induced
by complex numbers and their complex conjugates. The restrictive is considered
here. In the next section, we are going to generalize the conclusions we get from
this section and state that even if we consider the relaxed case, homogeneous
transition probabilities still can not be found.
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4.3 The relaxed case

In this part, we consider the relaxed perturbation, which means that we do not
require
pi,l =ps1,¥s € {—1,0,1}.

From Subsection 3.1.2, we see that besides the balance equations of the
restrictive case, there are more balance equations for states (n1,1) and (1, ng),
i.e.,

t=1 0 1
m(nh 1) = m(nl - S, 1-— t)ps,t + Z m(nl - S, 0)p515717(410)
s=—1t=-1 s=—1
0 1 1
m(lng) = > > m(l—sng—t)pey+ Y m(0,ng —t)p7 . (4.11)
s=—1t=-—1 t=—1

We can analyze in the same way as that in Section 4.2, and consider p € R
or p,o ¢ R. However, we find that all the lemmas, conjectures and theorems
can be generalized here, since for balance equations at states (ni,0), the sum
Zi:—l Ds,1 is more important to the equation than the individual transition
probability.

For the relaxed case, it still holds that for a single geometric term, we can
not find both transition probabilities on the horizontal and the vertical axis.
Moreover, either horizontal or vertical transition probabilities can be found.
Therefore, all the conclusions follow from those in Section 4.2 even if we consider
the relaxed case.

In this chapter, we try to construct a homogeneous random walk for a spec-
ified measure m induced by I. First we give necessary conditions on the struc-
ture of the I' for m to be the invariant measure of the random walk. Next,
given a specified measure for which the conditions hold, we try to construct the
transition probabilities on the horizontal and vertical axis. However, results of
numerical experiments indicate that no boundary transition probabilities can
be found due to the contradiction between the structure of the set and the
transition probabilities constructed for one single signed measure. It seems not
promising to work on homogeneous transition probabilities. Therefore, we turn
to inhomogeneous transition probabilities on the boundaries.

In the next chapter, we are going to consider an inhomogeneous random
walk, which means that the transition probabilities on the horizontal and vertical
axis depend on the state. Assume that the random walk still has homogeneous
transition probabilities in the interior of the state space. We will to use similar
construction method to find horizontal and vertical transition probabilities of
the random walk for a specified measure to be the invariant measure.
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Chapter 5

Inhomogeneous transition
probabilities on the
boundaries

In this chapter, we consider random walks with inhomogeneous transition prob-
abilities on the horizontal and vertical axis. Moreover, we assume that transition
probabilities in the interior of the state space are still homogeneous. Therefore,
from Theorem 4.3 in Chapter 4, each geometric term has to satisfy the balance
equations in the interior individually, i.e., the measure m is induced by a set
rcr.

Suppose that the measure m is induced by =Ty ', where the set T' =
{(p1,01),...,(pn,on)} and (pr,0) € C for k = 1,2,...,N. In addition,
assume that I' C I, then the balance equations in the interior of the state
space hold for m. From results in Chapter 4, it is difficult to find homogeneous
transition probabilities on the horizontal and the vertical axis. In this chapter,
we try to find inhomogeneous transition probabilities on the horizontal and the
vertical axis such that m is the invariant measure of the constructed random
walk. More precisely, the transition probabilities depend on the state. Let
pst(n1,0),s € {—1,0,1},¢ € {0, 1} be the transition probabilities at state (ny, 0)
on the horizontal axis and ps (0, n2),s € {0,1},¢t € {—1,0, 1} be the transition
probabilities at state (0,7n2) on the vertical axis. In the notation, we omit the
superscription since the state itself already gives the axis that it is on.

Through analysis in this chapter, it is found that inhomogeneous transition
probabilities exist if certain conditions are satisfied and we have no constraints
on the structure I'. Hence, the measure m can be induced by any subset I
of I. The measure m may contain both real and complex geometric terms.
Besides, the inhomogeneous transition probabilities p,.(n1,0) and ps.(0,n2)
are bounded.

In this chapter, we only consider the restrictive case, since conclusions in the
relaxed can be generalized from the restrictive case. First, we will show that
under certain conditions, inhomogeneous transition probabilities can be found
though a recurrence relation. Next, we will discuss the conclusions we find.
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5.1 Inhomogeneous boundary transition proba-

bilities
We consider the restrictive case, i.e.,
Ps,l(”ho) = DPs1;
p1(0,m2) = pig,
for any ni,ny > 1 and s,t = —1,0,1. Let m be a measure induced by I c 1,

with pg,or € R. As a consequence, balance equations in the interior of the state
space are satisfied. The balance equations on the horizontal and vertical axis
are given below,

1 1
m(ny,0) = Z m(n1 — s, 1)ps —1 + Z m(n1 — s,0)pso(n1 — s,0)(5.1)
s=—1
m(0,n) = Z m(1, ng—tp1t+z (0,12 — t)po.+(0,ns —t). (5.2)
t=—1 t=—1

First, consider balance equations on the horizontal axis. By inserting

1 1
1= Z ps,0(n1,0) + Z Ps,15

s=—1 s=—1
we obtain
1
m(ny,0 Z ps0(n1,0) + Z Ps,1)
s=—1 s=—1
1
:Z (nlfslpg_lJrZ (n1 —s,0)pso(n1 —s,0)
s=—1 s=—1
& m(n1,0)[p-1,0(n1,0) + p1o(n1,0 Z Psi)

s=—1
1
Z n1 — S, ]. ps —1 +m(n1 + l)p 10(77,1 +1 0) +m(n1 — 1)])1 0(711 —1 0)

By rearranging the items in the equation above, we get

m(ni +1,0)p_1,0(n1 +1,0) — m(n1,0)p1,0(n1,0)]

— [m(nl, 0)p 1 O(Tll, 0) — m(nl — 1, 0)p170(n1 — ]., 0)]

m(ni,0 Z Ps1 — Z m(n1 — s, 1)ps —1. (5.3)

s=—1 s=—1

Notice that m(ny +1,0)p_1,0(n1 + 1,0) — m(n1, 0)p1 0(n1,0) represents the
difference between the flow going from state (ny + 1,0) to state (n1,0) and the
flow coming back from state (n1,0) to state (n; + 1,0). Define, for ny; > 1,

d(n1,0) = m(n1,0)p_1,0(n1,0) — m(ni1 — 1,0)p1,0(n1 — 1,0), (5.4)
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then Equation (5.3) can be written as

1 1
d(ny +1,0) — d(n1,0) = m(ny,0) Z Ps1 — Z m(n1 —s,1)ps—1.  (5.5)

s=—1 s=—1

In the next lemma, we give a closed-form expression for d(nq,0) for any ny =
1,2,..., if balance equations on the horizontal axis hold for measure m.

Lemma 5.1. Let m be a measure induced by I'c I, i.e.,

N
m = E Ck(p21o.]7€l2 +p_kn107kn2)7
k=1

where pi, o, € C. If m satisfies balance equations on the horizontal axis, then
formi=1,2,...,

N 1 n1 ] —S
A(m,0) = 3 D7 20k [~ Re(g2)pas + Re(F—)po ] (5)

Proof. Keep using the recurrence relation in Equation (5.5), we have

1 1
d(n1 +1,0) = d(n1,0) +m(ng,0) Z Ps,1 — Z m(ny — s, 1)ps,—1
s=—1 s=—1

1 1
= d(nl - 170) + m(nl - 130) Z DPs,1 — Z m(nl —1-—s, l)ps,—l +

s=—1 s=—1
1 1
m(ny,0) Z Ps,1 — Z m(ni — s,1)ps 1
s=—1 s=—1
ny 1 1
= dim —1,00+ > [m(i,0) Y pe1— Y m(j—s,1)ps 1]
j=ni—1 s=—1 s=—1

ni 1

= d(l,O) + Z [m(j,()) Z ps,l - Z m(j - S, 1)ps,71]~

j=1 s=—1 s=—1
Thus, for any k =1,...,nq,

ny 1 1

d(nl + 1,0) = d(k,O) + Z [m(ja O) Z Ps1 — Z m(] -5, 1)ps,71]' (57)

i=k s=—1 s=—1

d(n141,0) goes to 0 as nq goes to infinity, since both m(n;+1,0), m(ny,0) go
to0and 0 < p_j 9(n1+1,0),p1,0(n1,0) < 1. Thus we have, foranyn; =1,2,...,

o] 1

d(n1,0)+ > [m(5,0) > per— Y m(j—s,1)ps 1] =0. (5.8)

j=n1 s=—1 s=—1
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If m(ny,ng) = Zgzl ce(pptop? + pr"03"?), then

1

Z Ps1 — Z m(] -, 1)105,71]

Mg

Jj=n1 s=—1 s=—1
N n1 = L N P = ny—s =
Pk pr" /Jk 9k
S LT S [Z% —)|pet
o e e 2 s=—1 k=1 l_pk 1=/
N
= D 2ecRe(y 7 Z pi- Y ZMRG e pe
k=1 s=—1 s=—1k=1

Rearrange the items in the equation above and plug it into Equation (5.8), we
get for any n; =1,2,...,

N L pnl pnlfso_k
d(na,0 Z Z 2cy, [ — Re( 1 _kpk s + Re(f_ip}g)ﬁs,—ﬂ

k=1s=-1

From Lemma 5.1, expression for d(ng,0) is given in closed form. From
Equation (5.4), we see that if for state (n1,0), d(nq,0) is known, then p_1 o(n1, 0)
and p1 o(n1 — 1,0) are two variables in Equation (5.4). Moreover, p_1 ¢(n1,0)
is uniquely determined by p1,0(n1 — 1,0). Therefore, let ny = 1, we can fix
p1,0(0,0) and get p_1,0(1,0). Next, consider state (2,0) and fix p1 ¢(1,0), we get
p—1,0(2,0). If we do this for every state, we can find inhomogeneous transition
probabilities on the horizontal axis. Using similar approaches, inhomogeneous
transition probabilities on the vertical axis can also be found.

To find whether these inhomogeneous transition probabilities are bounded
or not, we fix py o(n1,0) for every state (ni,0), i.e., let p1 o(n1,0) = py, for any
ny > 1. Using Equation (5.4) for every state, we can get p_10(n1 + 1,0). In
the following theorem, we show that p_1 o(n1,0) will be converging as ny goes
to infinity.

Theorem 5.2. Let m be the measure induced by I', where I’ = {(p1,01),---,(pn,0oN)},
and pi, o € C. Moreover, let pmaz € {p1,-..,pn} be the one with mazimum
modulus, and assume that |pmas| > |pg| Jor any pr # pmas- Let pro(n1,0) = pn,
foranyny =1,2,.... If pmaz € R, then the transition probabilities p_1 o(n1,0)

are converging.

Proof. From Lemma 5.1, we can find closed-form expression for d(n,0),

N 1 pn1 pnl—so_k
d(ny,0) = 2ck [ — EVps1 + Re(“E—)p,,_1
kzl 5;1 — Pk 1—pg }
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Consider Equation (5.4), plug in the expression of d(ni,0) and m(n,0), we get

m(ny — 1,0
p-1,0(n1,0) = fn(lnl()))pl,o(nl —1,0) +

d(nlao)
m(n1,0)
nyg— JE N ni
D SN T Zkzlck(1 o fkpk Z +
- N 71 =~ ph N pSl
=1 k(P + ™) Zkzlck( g 2

N ny—s .
i Z:kzlcl’“(pklf +pk1 Ok )

N ps,71~
s—1 >t ck(ppt + pp™)

Let ¢mae and oy,q, be the coefficient and o corresponding to ppqz, then

Sici (o 4 M)
e er(ppt + pp™)
Priaz [ o stpman CH(GEE)™ T4 (52

Pmazx

)n171) + 2. Cmaz}

a p:;llu’w I:Zpk7£pm,aw Ck((Pnzar )nl + ( p7 ) ) + 2 Cma‘z}
Since |pma:1:‘ > ‘pkl for any pr # pmaz, then
lim (<25 ym-1 = Jim (22 )m =,
n1—=00" Pz n1—=0 PDmax
lim (2 ymt = g (PEym =,
ny—roo pmaz nip—oo pmam

Hence

N 7711
D DN (T e B

n1—00 Zszl Ck(pk —+ pknl) Pmaz '

Using similar approaches, we get

ok 1S g
Zk 1 Ck( 1—pg - + pkl—ﬁkak) pmar Re(gmam)

lim ,
n1—00 Zk:l Ck(pk + ﬁknl) 1-— Pmazx
for any s = —1,0,1. Therefore, p_1 0(n1,0) is converging and
1 1 —5 Re(o
lim p_j9(n1,0) = Ph — Z ps,1+ prmag;—(rnax) 5,—1-
n1—o0 Pmaz 1= pmaz —_1 s——1 1= pmaz
O

Similarly, we can fix pg 1(0,n2) for each ny > 1 on the vertical axis and use
similar approaches to get pg,_1(0,n2 + 1). We also have that, if, among all o,
the one with maximal modulus is real, then py _1(0,n2) is converging.

In this section, we see that if pp,., is real and we fix p; g(n1,0) for every
state, then p_j ¢(n1,0) is converging as ny goes to infinity. In the next section,
we will discuss the bounds on the limiting probability.
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5.2 Bounds on inhomogeneous transition prob-
abilities.

In Section 5.1, we see that p_j g(n1,0) is converging and the limit depends
on pp and pPpez. If the measure m is specified, then p,,4, is known. More-
over, the limiting probability is increasing in p, and decreasing in Zi:_l Ds,1-
First we consider the lower bounds on the limiting probability. If p, = 0 and
Z;:_l ps1 =1,

1 —S
lim p_1o(n1,0) = f;Jr Me(amfw)ps .
n1—r00 ' 1 = pmax ——_1 1= pmaz ’
1 1

= m(_l + 5;1 Prmaz Re(Tmaz)Ps,—1)-
The results of numerical results indicate that —1—1—2;_1 Pt Re(Oumag )Ps,—1 <
0, then we get that the lower bound of limiting probability is non-positive.
Therefore, we can increase p;, and decrease 2;71 Ps,1 such that the limiting
probability of p_1 ¢(n1,0) is non-negative. The relaxed case will not be consid-
ered here thus we will not go into detailed discussion in the relaxed case. Here
we use the relaxed case to indicate that the limiting probability can be bounded
if we choose the parameters properly.

Suppose that 0 < lim,,, oo p—1,0(n1,0) < 1 for some pj,. Now we are going to
discuss the value of p_j ¢(n1,0) for some finite state (n1,0). If for some nq > 0,
p—1,0(n1,0) > 1, we can change the value of p; o(n1 —1,0). More precisely, let
p1,0(n1—1,0) < pp, and then p_q o(n1, 0) will be decreased. Moreover, changing
the value of py o(n1 — 1,0) does not have any influence on the transition prob-
abilities at other states or the limiting probability. In fact, through numerical
experiments, we can see that if py,q, is real, the probabilities p_1 o(n1,0) are
usually monotonic in n;.

In this chapter, we see that inhomogeneous transition probabilities on the
boundaries can be constructed such that a specified measure m is the invari-
ant measure of the random walk. Moreover, if we choose proper parameters,
these probabilities can be bounded. Some examples will be given in the next
chapter to illustrate the homogeneous or inhomogeneous transition probabilities
constructed on the horizontal and vertical axis.
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Chapter 6

Examples

In this chapter, examples of random walks of which the invariant measure is
specified are given.

In the first example, the measure is induced by real geometric terms. This
example is taken from [5]. This example illustrates the pairwise-coupled struc-
ture and how geometric terms are found. Since the measure is induced by real
geometric terms, we can draw the curve which represents the set I on the plane.
Besides, we will plot the curves that are the equivalents of I for the balance
equations on the horizontal and the vertical axis.

Example 6.1 (Figure 6.1). Consider the random walk with p1,o = 0.05,p_11 =
0.15,p9,—1 = 0.15,pp,0 = O.65,p%70 = 0.15,p(1)70 = 0.55,1%71 = 0.0929,1%70 =
0.7071,]9(2)7_1 = 0.15 and all other transition probabilities 0.

The measure is m(ny,ng) = Zizl ckppton?, where (p1,01) = (0.4618,0.3728),
(p2,02) = (0.2691,0.3728), (p3,03) = (0.2691,0.7218), ¢; = 0.1722, c5 = —0.2830
and cg = 0.2251. m satisfies all the balance equations and m is the invariant
measure of the random walk.

T
. —1
J B
2 v
P P-1,1 L N i
A T
2
—> Pio P10
Vv
2 Po,—1
Po,—1 ' 0.5 |- : ’ B
g
p-11 i}
'
'
’/\ [Q !
1 < 7 1 N
) I 1 I I I
P-10 P10 % 0.2 0.4 0.6 0.8 1 1.2 1.4

(a) (b)

Figure 6.1: Example 1. (a) Transition diagram of the random walk. (b) Balance
equations. The elements in I" are denoted by blue squares.

In the next example, we take three real pairs that do not follow a pairwise-
coupled structure. According to Section 4.1, the necessary condition for m to
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be the invariant measure of a homogeneous random walk is that I" is pariwise-
coupled. Thus homogeneous boundary transition probabilities do not exist for
m to be the invariant measure. We show that inhomogeneous transition prob-
abilities can be found for this measure.

Example 6.2 (Figure 6.2). Consider the measure m(ny,n2) = Zizl ckpp oL,
where (p1,01) = (0.5,0.8838), (p2,02) = (0.3,0.2336), (p3,03) = (0.6,0.3248),
c1 = c3 = c3 = 0.0220.

The interior transition probabilities of the random walk are p1o = 0.05,
Po,1 = 0.05, P-11 = 0.2, b-1,0 = 0.2, Po,—1 = 0.2, pP1,-1 = 0.2, Po,o = 0.1 and
all the other transition probabilities are 0.

Let p1,0(n1,0) = 0.05 for all (n1,0) on the horizontal azis and po1(0,n2) =
0.3 for all (0,n2) on the vertical axis. The inhomogeneous transition probabil-
ities p_1,0(n1,0) and po,—1(0,n2) are shown in Figure 6.2. In the figures, the
horizontal coordinate is ny or ng and the vertical coordinate is p_1,0(n1,0) or
po,—1(0,n2). In the limiting case, p> o = 0.1413 and pg°_; = 0.0223. More-
over, Pmaz = 0.6 and o}, ... = 0.8838, we can verify that the limiting probabilities
giwven in Theorem 5.2 are consistent with numerical results.

m satisfies all the balance equations and m is the invariant measure of the
random walk.

From Example 6.2, we see that if the measure m is induced by I=rurl
where I is not pairwise-coupled, we can still construct inhomogeneous transition
probabilities on the horizontal and vertical axis such that m is the invariant
measure of the random walk.

In the next example, we consider a measure that is a sum of one real geo-
metric term p}'o]? and one complex term p5y'oy? + py' 22, where py € R 09 €
C\R.

Example 6.3 (Figure 6.3). Consider the measure m(ny,ng) = c1pi'oy? +
ca(phtog? + pytaa™?), where (p1,01) = (0.3,0.6603), (p2,02) = (0.2,0.2929 +
0.11937), ¢; = 0.0987 and cy = 0.0494.

The interior transition probabilities of the random walk are p_1 9 = 0.2,
p1,-1 = 0.1, p_10=10.2, poo = 0.3, p1,o = 0.05, p_11 = 0.1, po1 = 0.05 and
all the other transition probabilities are 0.

We omit the transition diagram and the curves representing the balance equa-
tions, since if we consider complex numbers, the geometric terms can not be
marked on the two-dimensional plane.

Let p1,0(n1,0) = 0.05 for all (n1,0) on the horizontal axis and po1(0,n2) =
0.2 for all (0,n2) on the vertical axis. The inhomogeneous transition probabil-
ities p_1,0(n1,0) and po,—1(0,n2) are shown in Figure 6.3. In the figures, the
horizontal coordinate is n1 or ny and the vertical coordinate is p_1 0(n1,0) or
po,—1(0,n2). In the limiting case, p>° o = 0.4555 and p§°_; = 0.1717.

m satisfies all the balance equations. Therefore, it is the invariant measure
of the random walk.

In the next example, we consider the measure m induced by a real geometric
term and I" where I is a pairwise-coupled set. The real geometric term is added
to make sure that m(ni,na) > 0 for all states (n1,no).

ni_no

Example 6.4 (Figure 6.4). Consider the measure is m(ni,ng) = 22:1 ck(pytog’+
563,72, where (pr,01) = (0.5,0.8838), (pa, 02) = (0.2+0.14, 0.3656-+0.31684),
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Figure 6.2: Example 2. (a) Transition diagram of the random walk. (b) Bal-
ance equations. The elements in I" is denoted by blue squares. (c) Transition
probabilities on the horizontal axis. (d) Transition probabilities on the vertical
axis.
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Figure 6.3: Boundary transition probabilities of Example 3. (a) Transition
probabilities on the horizontal axis. (b) Transition probabilities on the vertical
axis.

(p3,03) = (0.2 + 0.14,0.1758 + 0.02037), ¢; = 0.0291, ¢ = 0.0145 and c5 =
—0.0145.
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The interior transition probabilities of the random walk are po_1 = 0.2,
p1,—1 = 0.2, p_10=0.2, poo = 0.1, p1o = 0.05, p_11 = 0.2, pg;1 = 0.05 and
all the other transition probabilities are 0.

Let p1,0(n1,0) = 0.05 for all (n1,0) on the horizontal axis and po1(0,n2) =
0.3 for all (0,n3) on the vertical axis. The inhomogeneous transition probabil-
ities p_1,0(n1,0) and po,—1(0,n2) are shown in Figure 6.4. In the figures, the
horizontal coordinate is ny or ny and the vertical coordinate is p_10(n1,0) or
p0,—1(0,n2). In the limiting case, P o = 0.6606 and pg”_; = 0.0223.

m satisfies all the balance equations. Therefore, it is the invariant measure
of the random walk.

—p-1,0(n1,0) Po,~1(0,n2)

0.4 - 0.4 - -

(a) (b)

Figure 6.4: Boundary transition probabilities of Example 4. (a) Transition
probabilities on the horizontal axis. (b) Transition probabilities on the vertical
axis.

In the next example, we show that if p,,4. is not real, then probabilities
p—1,0(n1,0) may not be converging.

Example 6.5 (Figure 6.5). Consider the measure m(ny,ns) = Ss_, cx(plror+
P ar"2), where (p1,01) = (0.37,0.9901), (p2,02) = (0.0785 — 0.37914,0.1 —

0.1¢) and (p3,03) = (0.05 — 0.054, —0.1086 + 0.4314¢). The coefficients are

c1 = 0.0031, ¢z = 0.0006 and c3 = —0.0006.

The interior transition probabilities of the random walk are pp_1 = 0.2,
pP1,—-1 = 0.1, P-1,0 = 0.2, Po,o = 0.2, P1o = 0.05, pPb-11 = 0.2, Po1 = 0.05 and
all the other transition probabilities are 0.

Let p1,0(n1,0) = 0.05 for all (n1,0) on the horizontal azis and po1(0,n2) =
0.2 for all (0,n92) on the vertical axis. The inhomogeneous transition proba-
bilities p_1,0(n1,0) and po,—1(0,n2) are shown in Figure 6.5. In the figures,
the horizontal coordinate is n1 or ny and the vertical coordinate is p_1 0(n1,0)
or po,—1(0,n2). In the limiting case, Po—1 = 0.0741 on the vertical azis since
Ot aw = 0.9901. However, pma, = 0.0785 — 0.37914 and on the horizontal axis,
the limiting probabilities do not exist.

From all the examples above, under certain conditions, inhomogeneous tran-
sition probabilities can be constructed on the horizontal and vertical axis. More-
over, with this method, we can break the pairwise-coupled structure that is
required in Chapter 4. Besides, we can find transition probabilities for the mea-
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Figure 6.5: Transition probabilities of Example 5. (a) Transition probabilities
on the horizontal axis. (b) Transition probabilities on the vertical axis.

sure induced by complex numbers. Therefore, we extend the class of random
walks for which we know the invariant measure in closed form.
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Chapter 7

Conclusions and discussion

In the report, we consider random walks in the quarter plane and the invariant
measure of the random walks. We focus on the problem that given the interior
transition probabilities of the random walk and a specified measure m induced
by the set I' = TUT, how to construct the transition probabilities on the
horizontal, vertical axis and the origin such that m is the invariant measure of
the random walk. More precisely, we consider that m is induced by I=ru T,
where I' = {(p1,01), ..., (pN,on)} with pg, 0% € C, i.e.,

N
n n — - b

E cr(pptog® + o™ o).

k=1

We have considered homogeneous transition probabilities in Chapter 4 and
inhomogeneous transition probabilities in Chapter 5. The conclusions of this
report are listed below.

1. We find that if m is the invariant measure of the random walk, then each
geometric term in m has to satisfy the balance equations in the interior
of the state space individually.

2. Consider homogeneous transition probabilities on the boundaries, if m is
the invariant measure of the measure, then I' has to be pairwise-coupled.

3. We consider the restrictive case and the relaxed case for boundary transi-
tion probabilities. However, numerical results suggest that homogeneous
transition probabilities can not be found such that m is the invariant
measure of the random walk.

4. Consider inhomogeneous transition probabilities on the boundaries. If we
choose p1,0(n1,0) to be a fixed probability for every state, then under cer-
tain conditions, p_1 0(n1,0) is converging as nq goes to infinity. Moreover,
we can control the limiting probability by choosing a proper fixed value
for p1,0(n1,0).

On the other hand, there are still some problems that remain open. Firstly,
when we consider homogeneous transition probabilities, our conclusions are
based on two conjectures. These conjectures are supported by extensive nu-
merical experiments. A proof of these conjectures is needed. Secondly, we
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don’t discuss the relaxed case in detail for the inhomogeneous boundary tran-
sition probabilities. Although we mention that for the relaxed case, transition
probabilities ps 1(n1,0) for s = —1,0,1 can be changed a little to bound the
probabilities p_j ¢(n1,0), detailed analysis and numerical experiments should
be worked on in future.

In future, after we have bounds on the inhomogeneous boundary transition
probabilities, we will consider making perturbation on a general random walk
and finding error bounds. Next, we will try to consider the high-dimensional
random walks and apply the conclusions we have obtained in two-dimensional
space.
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